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11 Introduction
All advanced health care systems have to cope with the need to control ex-
penditure growth without over-reducing investments in new technology, in
order to guarantee patients adequate quality (Bokhari, 2001; Baker, 2001;
Propper, 2004; HTC 2003). In this context, it is important to overcome
the traditional (and somehow misleading) trade-o⁄ between cost and qual-
ity, where the latter is simply seen as a running cost1. In this paper, we
argue that the quality of hospital care is determined by two main factors:
the investment in medical technology, which is mostly irreversible2, and the
e⁄ort of the medical sta⁄ who have a more complex objective function than
standard workers. The technological content of the treatment is the main
determinant of clinical quality while the e⁄ort of the medical sta⁄ on be-
half of the patients is the main input of relational quality3. Both clinical
and relational quality contribute to determining the level of total quality of
hospital services which is not however clearly related to the appropriateness
of the treatment o⁄ered and to the actual health improvement of patients.
Therefore, actual quality, although privately observable, cannot be veri￿ed
before a court4. This is important for the purchaser of hospital care (e.g.
an insurance plan, an HMO, or a public health authority) who pursues the
objective of maximising total quality on behalf of its patients and needs to
de￿ne a payment mechanism (￿purchasing rule￿ ) that takes into account
both the cost and the quality of health care knowing that the latter cannot
be veri￿ed before a court. According to Arrow (1963) seminal paper and
to more recent contributions on workers in non-pro￿t organisations (Fran-
cois, 2000, 2003; Glazer, 2004), health care professionals could be considered
1See Harris (1979), Ellis and Mc Guire (1986), Newhouse (1996), Ma (1994), Rogerson
(1994), Chalkley and Malcomson (1998, 2000 and 2002), Bigliaser and Ma (2003).
2More generally, irreversible investment by hospitals includes not only the adoption of
new technologies (physical capital) but also investment in human capital. The irreversible
part of the investment in human capital is represented by the investment in education and
training of the sta⁄ for using speci￿c technology, and the cost related to the recruitment
of very specialised sta⁄. Our analysis explicitly considers investment in physical capital
but this is only a simpli￿cation, since the results we obtain hold also if the hospital￿ s
irreversible investment in human capital is considered.
3According to Campbell, Roland and Buetow (2000), there are two principal dimensions
of quality of care for individual patients: access and e⁄ectiveness. We focus on e⁄ective-
ness, considering its two key components: e⁄ectiveness of clinical care and e⁄ectiveness of
inter-personal care.
4A variable can be veri￿ed before a court when it can be measured through an objective
indicator. For the de￿nition of observable but non-veri￿able variables in contract theory,
see e.g. La⁄ont and Martimort (2002).
2￿devoted workers￿because they derive utility not only from the monetary
rewards they receive but also from increasing their patients￿health5. Ac-
cording to this approach, hospital physicians behave as devoted workers,
since they are interested in the health outcome and the technology content
of the productive process adopted, i.e. they are interested in promoting the
total quality of hospital care. The features of the payment mechanism for
hospital care set by the purchaser and the devoted characteristic of hos-
pital physicians can strongly in￿ uence the investment decisions concerning
new medical equipment taken by the hospitals. The empirical literature has
shown that the decision to invest in new technology in health care is often
postponed (Baker and Phibbs, 2002 a and b).We argue that this can hap-
pen for three main reasons. First, the costs of investment in health care
technologies are highly sunk and there is uncertainty over future rewards as
regards the price and the number of patients that will be treated. The real
option literature shows that when an agent does not face a now-or-never
investment decision, an option value of waiting emerges before undertaking
a project involving sunk costs and uncertain payo⁄s (irreversibility e⁄ect).
In other words, the agent may ￿nd it pro￿table to delay the investment,
even when the project has a positive net present value. Second, the hospital
may use the "devoted" characteristic of its physicians to substitute invest-
ment with e⁄ort in order to maximise its surplus, given a general payment
rule for hospital care. Third, the purchaser may be unable to de￿ne an
intertemporal purchasing rule that provides the right incentive for timely
adoption of the new technology. In order to take account of these features,
we develop a model which considers the behaviour of three main actors: an
agency purchasing hospital care (the purchaser who pursues the objective
of maximising total quality of hospital care on behalf of patients), a hos-
pital (the provider) and a representative hospital physician. We consider
the investment choices of the hospital and the e⁄ort decision of the hospital
physicians in a two-period framework where investment is irreversible and
doctors are ￿devoted workers￿ . In particular, our model assumes that hos-
pital physicians are intertemporally devoted, i.e. they determine their e⁄ort
at the beginning of the period considered and commit themselves to the
same level throughout. Since investment costs in health care technologies
are highly sunk and there is uncertainty over future rewards, we use a real
option approach6 to determine the level of capital invested and its timing. To
5Arrow (1963) points out that health care professionals are strongly in￿ uenced by eth-
ical norms, standards of care and service motives. Other interesting examples of devoted
workers are ￿remen and university professors.
6See Dixit and Pindyck (1994) and Abel et al. (1996).
3date there have been few attempts to model health care from a real option
perspective. Exceptions are given by Palmer and Smith (2000), Dri¢ eld and
Smith (2007), and Levaggi and Moretto (2004). Palmer and Smith (2000)
seek to model the adoption of a new technology as an options problem while
Dri¢ eld and Smith (2007) aim at assessing the methodological and practical
implications of applying real options analysis to a clinical decision-making
problem in which deferral is considered a relevant alternative7. Our model
represents an extension and a generalisation of the analysis of Levaggi and
Moretto (2004) who consider the case where the hospital￿ s medical sta⁄ is
not devoted and the investment decision is the result of a non-cooperative
game between the physician and the hospital in a setting where the quality
of hospital care can be observed (even by both actors) but not veri￿ed (i.e. it
cannot be enforced before a court)8. In the more comprehensive two-period
model presented here, hospitals can use the devoted characteristic of the
physician to substitute investment with doctor￿ s e⁄ort in order to maximise
its intertemporal surplus. The model analyses how the purchaser may in￿ u-
ence the timing of the hospital￿ s investment decisions through the strategic
setting of the parameters of a very general long-term contract (￿ purchasing
rule￿ ) aimed at promoting total hospital care quality. According to this rule,
the purchaser sets a quality-contingent long-term contract with the hospital
according to a particular prospective payment scheme. This scheme pro-
vides for a cap on the volume of admissions paid by the purchaser, which
can be raised only if the hospital increases the quality of provided care. In
particular, we show that if physicians are devoted workers and the purchaser
aims at accelerating the adoption of new technology, it is not optimal to set
a purchasing rule that cancels out the option to defer the hospital￿ s invest-
ment.9. The paper is organized as follows. Section 2 presents the basic
7In particular, Dri¢ eld and Smith (2006) demonstrate how the methods used to price
￿nancial options can be used to decide when to pursue a watchful waiting strategy for
a particular patient. Watchful waiting is a form of clinical management under which
immediate curative treatment is not given. Instead the patient undergoes a period of
observation during which periodic tests monitor the progression of the illness.
8Also B￿s and Fraja (2002) study a game between a health care authority and a hospital
over the investment in quality. However, they do not consider the intertemporal aspect
of the investment in health care and the speci￿c e⁄ort of the medical sta⁄ in determining
the level of quality. Furthermore, they allow the purchaser to rely on outside providers to
induce the hospital to increase its investment.
9This contrasts with the result obtained by Levaggi and Moretto (2004) who showed
that the problem of non-veri￿ability of quality could usually be avoided by a purchasing
rule linking the volume of current care to be reimbursed to the investment made in the
past periods, which induces the hospital to anticipate the investment.
4model and the purchasing rule. Section 3 describes the Nash equilibrium of
the game between the hospital and a representative physician for a general
speci￿cation of the purchasing rule. In section 4, the Nash equilibria for
di⁄erent speci￿cations of the purchasing rule are compared and the related
policy implications are analysed. Section 5 shows how the purchaser could
set the parameters of the purchasing rule in order to maximise total quality
of hospital care. Lastly, section 6 concludes.
2 The model
To simplify the analysis, we assume that patients admitted to the hospital
can be a⁄ected by one disease that requires a standard treatment; moreover,
we assume that all the care delivered is appropriate. We consider a two-
period model. Total quality qt, t = 1;2 is determined by both clinical and
relational quality, as explained in the next section. Both capital and doctors￿
e⁄orts contribute to its level. A new technology for producing hospital care
is available at time 1 and the hospital may decide the level of investment (i.e.
the number of technology units) in each period.We also assume that, once
the investment in the new technology is undertaken, it cannot be diverted
and depreciation is absent10.
2.1 Quality and its aspects
In health care, quality is quite a controversial matter because its most nat-
ural de￿nition - the outcome in terms of health gain of each patient - cannot
be objectively measured since it depends on speci￿c characteristics of the
patient. For this reason, quality can be proxied by input or process vari-
ables and this means that while quality can be subjectively observed (at
least on average terms), it cannot be veri￿ed before a court11. Chalkley and
Malcomson (2000) de￿ne quality as a multivariable vector that includes all
the aspects of hospital care such as the appropriateness of the treatment,
the investment in technology that bene￿ts the recipients and other aspects
that are not strictly medical but that can improve hospital output, such
as patient accessibility and hotel quality. Campbell, Roland and Buetow
10Together with irreversibility of investment, this assumption avoids the need to consider
operating options for the hospital such as reducing output or even shutting down, and
thereby considering reducing variable costs. For further details on this issue see e.g. Dixit
and Pindyck (1994).
11Even when quality is observable, it would anyway be non-contractable because the
clause would not be enforceable. On this point see La⁄ont and Martimort (2002).
5(2000) consider two principal dimensions of health care quality: access and
e⁄ectiveness. We partly follow the Campbell, Roland and Buetow approach,
focusing on the e⁄ectiveness and considering its two key components: clin-
ical and inter-personal care12 denoted as qc and qr respectively. Clinical
quality can be written as:
qc = qc(k) (1)
where k represents the level of capital invested in medical technology. The
underlying assumption is that the latter is important to improve hospital
care and it is the key indicator used by the patient and the purchaser to
evaluate the degree of innovation of the treatment o⁄ered. The relational
quality is assumed to be a function of the e⁄ort of the hospital￿ s sta⁄devoted
to patient-centered care (Stewart, 1995, 2000), that is:
qr = qr(e) (2)
The term qr captures important aspects relating to the quality of the rela-
tionship between the patient and the hospital sta⁄: appropriate information
on the therapy and its likely e⁄ectiveness, shared motivation with doctors
and other personnel as regards the therapy, establishing a satisfactory hu-
man relationship with sta⁄, etc. In our model we focus on the relational
quality determined by the e⁄ort of hospital physicians devoted to the rela-
tionship with patients. Relational and clinical quality can be interpreted as
two intermediate outcomes in the process leading to total quality. Therefore,
total quality of hospital care is de￿ned as:
q = F(qc(k);qr(e);￿) = g(k;e;￿) (3)
where ￿ is a random parameter that captures the unknown characteris-
tics of patients that can in￿ uence the health outcome, as well as all the
other uncertain determinants in￿ uencing input productivity. For the rela-
tional and clinical quality, the usual marginal properties hold: F(0;qc) ￿ 0,
F(qr;0) ￿ 0, ge > 0;gk > 0; gee < 0;gkk < 0. In addition, we assume that
gke < 0: The latter assumption states that the two qualities are substitutes.
For example, having a better diagnostic technology could allow doctors to
devote more time to communication with patients since it reduces the e⁄ort
required to produce the diagnosis of patients￿illnesses. We complete these
12By doing so, we implicitly assume that access to hospital services and hotel-related
quality (e.g. measured by number of beds per room, private telephones, nurses per ward,
availability of particular ancillary services, etc.) are set at a standard level. In any case,
this assumption is made for the sake of simplicity, since our main results hold even when
accessibility is considered as another dimension of hospital quality.
6properties by assuming that gk￿ > 0; ge￿ = 0: That is, the shock ￿ in￿ u-
ences clinical quality but not the relational quality. The di⁄erent impact
of patient heterogeneity ￿ needs to be discussed. For clinical quality the
ability of the patient to recover is clearly a crucial element in determining
the outcome and the productivity of health care. For relational quality, the
productivity of an extra unit of the physician￿ s e⁄ort is not in￿ uenced by
health characteristics (i.e. the severity of illness) of patients even though it
could be in￿ uenced by patients￿behaviour.
2.2 The actors
In this paper we model the behaviour of three main actors: an agency
purchasing hospital care (the purchaser), a hospital (the provider) and a
representative physician.
2.2.1 The purchaser
The purchaser pursues the objective of maximising total quality on behalf
of the patients.13 It rewards the hospital a ￿xed price p for each treatment14
and sets a quality-contingent long-term contract with the hospital according
to a particular prospective payment scheme. This scheme provides for a cap
x (￿ 0) on the volume of admissions which can be initially paid by the
purchaser15. It can be raised only if the hospital increases the quality of
provided care. In particular, in the second period the number of patients
increases according to the following linear purchasing rule:
x2(q1;q2) ￿ x + ￿q1 + ￿(q2 ￿ q1) (4)
where q1 is the level of total quality in the ￿rst period, q2 ￿ q1 is the
increase of quality from period 1 to period 2, and ￿ and ￿ represent the
relative weights. The rule (4) is quite general and responds to the need
often advocated (National Audit O¢ ce, 1995) to use more sophisticated
payment rules to increase the performances of the health care system. It
can be interpreted in this way: each hospital, by increasing total quality (in
both periods) can increase the number of admitted (and rewarded) patients.
Therefore, rule (4) could represent either a situation in which the purchaser
13In this respect, it can be considered a perfect agent of the patients.
14Price p can be either a DRG tari⁄ or any other form of prospective price for a speci￿c
treatment based on marginal cost of production.
15In this way the purchaser implicitly sets an expenditure cap px, e.g. in order to control
moral hazard by the hospital.
7buys more treatments from higher quality hospitals on behalf of the patients
it represents or a situation in which higher quality hospitals attract more
patients who are free to choose their preferred provider (and the purchaser
pays for the increased admissions to higher quality hospitals). For example,
in the US an HMO could set the number of patients to be treated in each
hospital according to some quality indices (e.g. consumer health ratings); a
similar situation could be depicted considering the purchasing role of Health
Authorities within the British NHS and the star ratings recently proposed in
order to ascertain the performance of hospital trusts (Jacobs, Goddard and
Smith, 2006). In the somewhat di⁄erent environment of the Italian NHS,
where patients are free to choose the preferred hospital, a Local Health
Authority (the purchaser) could remove (reduce) part of the yearly ceiling
set on the number of treatments when the hospital increases the quality
of treatments. In all these examples, quality can be indirectly promoted
by a very general purchasing rule such as (4) built on a basic prospective
payment scheme, by raising the cap x on the number of admissions which
can be reimbursed by the purchaser after ascertaining (in the second period)
that the hospitals have increased the total quality of the provided care.16 In
our paper we focus on four possible combinations of the purchasing rule (4)
which represent alternative strategies the purchaser can follow to incentivate
total hospital quality. They are:
￿ ￿ ￿ ￿ > 0 and ￿ > 0 : the number of patients reimbursed at t = 2
depends on the level of quality in both periods (we call this the general
case)
￿ ￿ > 0 and ￿ = 0 : the number of patients reimbursed at t = 2 depends
only on the quality level reached at time t = 1
￿ ￿ = ￿: the number of patients reimbursed at t = 2 depends on the
quality level at time t = 2
￿ ￿ = 0 and ￿ > 0 : the number of patients reimbursed at t = 2 increases
only if the level of total quality in the second period is higher than the
level reached at t = 1.17
16It must be pointed out that, following rule (4), higher quality hospitals are rewarded
with more admissions bought at a given price p; however, the results hold even if the
number of admissions were set constant, while the price varies according to quality levels.
17We do not consider a ￿fth possible case: ￿ > 0, ￿ > 0 and ￿ ￿ ￿ < 0. In fact, in this
case, the purchaser would provide a negative incentive for hospital care quality at time
t = 1.
82.2.2 The physician
Hospital physicians cannot be adequately represented by the paradigm of
the ￿sel￿sh economic agent￿ . As Arrows pointed out in his seminal analysis
of the medical market, physicians￿behaviour ￿is supposed to be governed by
a concern for the customer￿ s welfare which would not be expected of a sales-
man￿and ￿there is a ￿ collectivity-orientation￿ , which distinguishes medicine
and other professions from business, where self-interest on the part of par-
ticipants is the accepted norm￿ (Arrows, 1963, p. 949). In other words,
physicians derive utility not only from the monetary rewards they receive
but also from increasing their patients￿health. Similarly to Arrows￿analy-
sis, a new strand of the literature on labour supply considers the existence
of ￿ devoted workers￿ that derive utility from the salary they receive and
from the output they produce (Francois, 2000, 2003; Glazer 2004). Accord-
ing to this strand of literature, doctors could be considered devoted workers
because they receive utility from increasing their patients￿health. In our
model this assumption is represented in the utility function of physicians
which is made dependent on the health outcome and the technology content
of the productive process adopted by the hospital, i.e. they are interested
in promoting the total quality of hospital care. This assumption can be
justi￿ed on several grounds: the doctor could be considered a benevolent
agent that truly believes that better health outcomes for patients can be
achieved through progress in medical technology; he might think that tech-
nology, by enabling more e⁄ective care, allows a satisfactory relationship to
be established with the patients. Further, we assume that et = sups2(0;t) es:
the e⁄ort at t cannot be lower than the maximum level of e⁄ort chosen up
to time t. This assumption re￿ ects the fact that most devoted physicians
behave as if their e⁄ort were irreversible. For example, after setting her/his
e⁄ort level at t=1 when the hospital buys a CAT scan, it is reasonable for
the physician not to decrease his e⁄ort in relational quality if the hospital
buys a second scan at t = 2. This implies that although investment in new
technology and the physician￿ s e⁄ort are substitutes in determining current
total quality (since gke < 0), they are complements over time. Finally, we
assume that the doctor￿ s e⁄ort consists of two components. The ￿rst is a
minimum level of e⁄ort el; which can be de￿ned as ￿ the monitored e⁄ort of
the doctor￿ , and is delivered independently of the adoption of the new tech-
nology by the hospital (we assume without losing in generality that el = 0).
The second component is a level of e⁄ort delivered at each time which can-
9not be observed or veri￿ed by the other actors.18 The hospital hires doctors
at the constant exogenous wage w; the private cost for the unveri￿able e⁄ort
e is de￿ned by m(e); with m0 > 0 and m00 > 0: By the above assumption,
the physician￿ s utility function in the ￿rst and second periods is:
B1(k1;e1;￿1) ￿ w + vq1(k1;e1;￿1) ￿ m(e1) (5)
and:
B2(k2;e2;￿2) ￿ w + vq2(k2;e2;￿2) ￿ m(e2) (6)
where v is the doctor￿ s evaluation of each unit of quality.
2.2.3 The hospital
The hospital, being a surplus maximisers want to minimise costs. In our
model the hospital cares about quality only through the purchasing rule
(4). It stipulates a contract with the purchaser that foresees the payment of
a prospective price p; net of operating costs, for each treatment.19 In each
period, the hospital can invest in a new technology at unit cost r20. Then
capital accumulation is given by k2 = k1 + i2; where i2 denotes investment
in period 2. Both the investment and the e⁄ort made by the physician de-
termine the level of total quality according to (3). By the above arguments,
the hospital net surplus in the ￿rst period is:
R1(k1;e1) ￿ px (7)
and in the second period is:
R2(k1;k2;e1;e2;￿1;￿2) ￿ px2(q1;q2) (8)
￿ p[x + ￿q1(k1;e1;￿1) + ￿(q2(k2;e2;￿2) ￿ q1(k1;e1;￿1))]
18Following the literature on the devoted worker (Francois, 2000, 2003; Glazer, 2004),
we assume that the doctor is not paid for the unveri￿able e⁄ort, though this assumption
can be relaxed without substantially changing the results.
19This is a simplifying assumption that does not alter the results. In general, the hospital
faces some operating costs in running the new technology and these operating costs may
di⁄er from period to period due to the nature of the investment decision. In general, these
costs are higher in the ￿rst period due to set-up costs, such as learning cost and human
capital formation, and lower in the subsequent periods (Levaggi and Moretto, 2004).
20In this article, we assume that the investment cost does not change over time. How-
ever, the results do not change if we assume that the investment cost at time 2 is lower
than at time 1, i.e. r2 < r1 (Levaggi and Moretto, 2004) or decreases with the dimension
of the project, i.e. r(k) with r
0(k) < 0 (Dixit, 1993).
102.2.4 Information structure and timing
The purchasing rule (4) de￿nes a long-term contract between the purchaser
and the hospital. However, since quality and physicians￿e⁄orts are non-
contractable, our model may present several forms of asymmetry of infor-
mation among the three actors considered here. In particular, we assume
that in each period:
￿ No one of the three actors is able to verify the current level of total
quality qt, t = 1;2;
￿ The purchaser and the hospital cannot directly verify the physician￿ s
e⁄ort et; t = 1;2:
Yet, since quality is a function of both the investment by the hospital
and the physician￿ s e⁄ort, we also get:
￿ The contribution of the capital to the current quality level is not fully
veri￿able by both the purchaser and the physician21.
However, since in our two-period model the purchaser may observe ex-
post the hospital capital k1 and the doctor￿ s e⁄orts e1:
￿ The purchaser may always verify ex post q1 before a court (or a health
care authority).
By the above assumptions, the timing of the model can be summarised
as follows. At the beginning of period 1, the purchaser announces the pur-
chasing rule (4) and the price p. The hospital and the physician, knowing
￿1 and the purchasing rule, decide non-cooperatively k1 and e1 respectively.
At the beginning of period 2, q1 becomes veri￿able, nature reveals ￿2 and,
conditional on k1 and e1, the hospital chooses k2 and the doctor e2:
3 E⁄ort and investment decision
In this section we derive the Nash equilibrium of the game between the
hospital and the physician corresponding to the general speci￿cation of the
21Intuitively, given that quality is not veri￿able, even if the physicians can observe the
level of investment in new technology, they cannot claim a high result in quality by the
provision of their e⁄ort. For a general de￿nition of observable but non-veri￿able variables
in contract theory, see e.g. La⁄ont and Martimort (2002).
11purchasing rule (4) (i.e. ￿￿￿ > 0 and ￿ > 0). Given the purchasing rule (4)
and the information set, the hospital and the doctor choose simultaneously
at each time t their state variables (k1;k2,e1; ^ e2) non-cooperatively. As for
￿, we assume that in the ￿rst period, ￿1 is known and normalised to 1 while,
in the second period, ￿2 ￿ ￿ is stochastic and its realisation is characterised
by the cumulative distribution ￿(￿) with density ￿0(￿) > 0 on ￿ 2 [0;1),
which is known by all the actors22. Before de￿ning the physician￿ s and the
hospital￿ s choices, we need to consider the ex-ante objective function of both
the actors. For simplicity, hereafter, we will omit ￿1 ￿ 1 in the formulae.
3.1 The physician￿ s ex-ante objective function
Let￿ s start by analyzing the physician￿ s decision in the ￿rst period.
￿ First period
As the physician is free to change her/his e⁄ort in the second period,
by (5), the optimal e⁄ort at time t = 1 is simply given by the ￿rst order
condition:
B1
e(k1;e1) ￿ vge(k1;e1) ￿ m0(e1) = 0 (9)
which implies: e1 = e1(k1):
￿ Second period
In the second period, conditional on k2; the e⁄ort is given by:
B2
e(k2;e2) ￿ vge(k2;e2;￿)] ￿ m0(e2) = 0 (10)
from which we get ^ e2 = ^ e2(k2): However, as gek < 0 and k2 ￿ k1; the
doctor will set e2 = sup(e1(k1); ^ e2(k2) ￿ e1(k1): Therefore, omitting the time
variable for the e⁄ort, we can conclude that the doctor￿ s ex-ante objective
function is:




where the second term on the r.h.s does not depend on k1:
22As in B￿s and De Fraja (2002), we assume that there is symmetry of information
about the technology.
123.2 The hospital￿ s ex-ante objective function
The hospital chooses the level and timing of its investment knowing that
the latter is irreversible. In particular, if in period 1 the hospital makes
an investment that it cannot resell in period 2 and future capital returns
are uncertain, this investment decision involves the exercise of an option.
Because of this uncertainty, the opportunity of waiting to learn more about
the future productivity level has a timing premium (i.e. a holding value).
We start by describing the hospital action in the second period, given the
stock of investment k1 inherited from period 1 and the physician￿ s e⁄ort
e. We then step back and show how the marginal pro￿t in the ￿rst period
depends on the hospital￿ s expected action in the second period.
Second period
By (8), (4) and (3), the hospital￿ s surplus at time 2 can be written as:
R2(k1;k2;e;￿) ￿ p[x + ￿q1(k1;e) + ￿(q2(k2;e;￿) ￿ q1(k1;e))] (12)
￿ p[x + (￿ ￿ ￿)g(k1;e) + ￿g(k2;e;￿)]
The assumptions on q guarantee that R2
k2(k1;k2;e;￿)) ￿ 0 is continuous
and strictly decreasing in k2 and continuous and strictly increasing in ￿ (see
Appendix A). Then, for a given stock of k1 inherited from period 1 and
physician￿ s e⁄ort e, we can de￿ne a critical value of ￿ (i.e. ~ ￿) such that:23
R2
k2(k1;e; ~ ￿) ￿ p￿gk2(k1;e; ~ ￿) = r (13)
At the beginning of period 2, nature reveals ￿ and the hospital adjusts its
stock of capital to the new optimal level that we identify as k2(￿): The stock
of capital must satisfy the constraint:
k2(￿) ￿ k1 (14)
Thus, depending on the inherited stock k1 and e; from (13) it emerges that
when ￿ > ~ ￿(k1;e); it is optimal for the hospital to invest in extra units of




















13technology up to the point where the marginal return equals the marginal
investment cost r: On the other hand, when ￿ < ~ ￿(k1;e) the pro￿t is so low
that the hospital ￿nds it convenient not to invest, so k2(￿) = k1:
First period
By using the option decomposition proposed by Abel et al. (1996), we
can show that:
Lemma 1 The value of the hospital￿ s investment can be written as:
V (k1;e) ￿ G(k1;e) ￿ ￿O(k1;e) (15)
where:







f￿[p￿g(k2(￿);e;￿) ￿ rk2(￿)] + [p￿g(k1;e;￿) ￿ rk1]gd￿(￿)
and ￿ is the discount factor.
Proof. See Appendix A
The term G(k1;e) is the hospital￿ s expected present value of returns,
keeping the stock of capital ￿xed at k1: This can be interpreted as the hos-
pital￿ s value when it does not expand its investment in the second period.
The term O(k1;e) indicates the value of the (Call) option to expand the
capital in the second period if ￿ rises above ~ ￿. Equation (15) has an inter-
esting and immediate interpretation: when the hospital invests in period 1
it gets the value G(k1;e) but it gives up the opportunity or option to in-
vest in the future, valued at O(k1;e): The non-contractability of k1 and e
in the ￿rst period implies that the investment decisions by both actors are
taken non-cooperatively. In this respect, equations (11) and (15) constitute
a two-person normal form game. Therefore, we need to derive the best reply
functions of the two actors.
143.3 The physician￿ s best reply function
Since the second term on the r.h.s. of (11) does not depend on k1 and the
level of e⁄ort is constant over time, the physician￿ s reaction curve is derived
from his ￿rst order condition (9). Moreover, since:
B1
ee(k1;e) ￿ vgee(k1;e) ￿ m00(e) < 0
for any given value of k1 a unique value e￿ exists satisfying equation (9).












Since the two inputs are substitutes in determining current quality of hos-
pital care, i.e. gek(k1;e) < 0; the physician￿ s reaction curve slopes down-
wards. This assumption appears plausible: an increase in the doctor￿ s e⁄ort
somehow reduces hospital investment in capital, and vice versa. This is
represented by the curve DD in Figure 1.
Figure 1 about here
3.4 The hospital￿ s best reply function
Similarly, the hospital￿ s reaction function is obtained by the ￿rst-order con-
dition on (15). The optimal amount of capital in period 1 depends on the
marginal bene￿ts and the marginal costs:
Vk1(k1;e) ￿ Gk1(k1;e) ￿ ￿Ok1(k1;e) = r (17)
where:











[p￿gk1(k1;e;￿) ￿ r]d￿(￿) ￿ 0
15Equation (17) emphasises the role played by the option pricing approach in
determining the stock of capital in period 1. The hospital optimal behaviour
does not simply require the equalisation of the expected present value of
marginal returns in the ￿rst period Gk1(k1;e) and the marginal cost of the
investment r: In fact, costs are represented by the price of the investment, r;
plus the value of the marginal call option, Ok1(k1;e); as investing in period
1 means giving up the opportunity of deferring the investment. Moreover,
since:
Vk1k1(k1;e) ￿ Gk1k1(k1;e) ￿ ￿Ok1k1(k1;e)












for any given value of r and e, a unique value of k￿
1 exists satisfying equation













Since the two inputs k and e are substitutes we get Vk1e(k1;e) < 0 and then
(18) is downward-sloping. This is represented by the curve HH in Figure 1.
3.5 The equilibrium
The intersection of the two best reply functions is the Nash equilibrium,
denoted by N in Figure 1. We also assume that the physician￿ s reaction
16function is steeper than the hospital reaction function24. This guarantees
that the Nash equilibrium is unique and stable (Vives 1999, p. 49-52).
Therefore, the following proposition holds (see Figure 1):
Proposition 1 1) The presence of devoted physicians implies underinvest-
ment at time t = 1. 2) The Nash equilibrium is not optimal since it implies
a lower level of e⁄ort and investment than the First Best.
Proof. See Appendix B
The ￿rst part of Proposition 1 is a straightforward application of the
geometric solution of the Nash equilibrium. In Figure 1, the point N0 =
(^ k1;0) represents the benchmark solution for the case of a doctor that is not
a devoted worker. In this case, the level of capital is higher than in our Nash
solution N = (k￿
1;e￿). To compare the Nash solution with the First Best,
we need to depict the hospital iso-pro￿t and the doctor￿ s iso-utility curves.
In Figure 1, PP represents the hospital iso-pro￿t curve and UU the doctor
iso-utility curve going through point N. The First Best is the set of points
where the iso-pro￿t and iso-utility curves are tangent. From Figure 1, it
can be seen that these points are characterized by a higher level of e⁄ort
and investment. This result can be interpreted as follows: the hospital can
use the devotion of its medical sta⁄ to its own advantage through a delay
in the investment decision, but this becomes a second-best solution for both
parties. If the two actors cooperated, the level of capital and e⁄ort would be
higher and ultimately the quality of health care would signi￿cantly improve.
4 Contractual rules and Nash equilibrium
In the previous section we have shown that the Nash solution is sub-optimal
since it does not o⁄er enough incentive to investment. The purchaser can,
however, play an important role in correcting this market failure through
the choice of the parameters of the long-term contract (4). In this section
we compare the Nash equilibria for the following alternative values of the
parameters of the purchasing rule:
￿ ￿ > 0 and ￿ = 0 : the number of patients whose treatment is reim-
bursed in the second period depends only on the quality level at time
t = 1;
24This assumption seems reasonable, since in most cases the rate of substitution between
capital and e⁄ort is higher for physicians than for the hospital. In fact, physicians may
have a stronger belief in being able to make up for the lack of a particular technology with
their professional skills and e⁄ort.
17￿ ￿ = ￿ : the number of patients whose treatment is reimbursed in the
second period depends only on the quality level at time t = 2;
￿ ￿ = 0 ￿ > 0 : the hospital can increase the number of patients treated
in the second period (and its rewards) only if the quality increases in
the second period.
It is worth noting that in the ￿rst case (￿ > 0 and ￿ = 0) the option
to delay the investment held by the hospital is neutralized. That is, even if
the level of quality can be observed only ex post, asymmetry of information
is ruled out. When the contract is signed, the purchaser cannot observe
the level of investment in health technology and the physician￿ s e⁄ort, but
he will be able to do so before implementing the relevant part of the con-
tract. In our model this is a su¢ cient deterrent to prevent the hospital
and the physician cheating on their decision variables in the ￿rst period. In
the second period the issue becomes irrelevant since the new investment is
not considered in the decision of how many patients to send to the hospi-
tal. Since the purchasing rule a⁄ects only the hospital￿ s objective function,
changes in the Nash solution can be analysed through the comparision of
the hospital￿ s best reaction functions evaluated for di⁄erent parameters of





1 the level of capital that the
hospital would obtain under the three cases examined, we can prove the
following proposition:
Proposition 2 1) For ￿ su¢ ciently low, the level of capital and e⁄ort in









and 0 < e￿ < e￿￿=￿ <
e￿￿=0
e￿￿=0






1 and e￿￿=0 < e￿ < e￿￿=￿
while a Nash equilibrium for ￿ = 0 does not exist.
Proof. See Appendix C
A ￿rst important result follows from Proposition 2: the purchaser can
induce the substitution of capital with e⁄ort by reducing the weight ￿ of the
￿rst period quality q1 in the rule (4). That is, an increase in the ratio ￿=￿
shifts down the hospital￿ s best reply function (17) with respect to (18), as
18shown in Figure 2. As the real option theory predicts, an increase in the ratio
￿=￿ (i.e in the weight of the option to wait ￿ compared to the weight of in-
vesting today ￿) defers the investment decision. This is a consequence of the
"bad news principle of irreversible investment": a variance in health quality
makes the investment return volatile with positive e⁄ect on the value of the
investment. However, the net marginal bene￿t of waiting, arising from the
avoidance of an investment in the bad state, increases. This induces delay
(Bernanke, 1983). A second important result that follows from Proposition
2 is the impossibility of a global ranking in terms of substitution between
capital and e⁄ort. In fact, the optimal level of investment is not maximised
for ￿ = 0; and this contradicts the real option theory. That is, despite the
disappearance of the option e⁄ect, we do not obtain a clear increase in the




with devoted physicians, if the purchaser aims at maximising the level of
quality by inducing an earlier adoption of new technology, in contrast with
traditional results of the real option theory, it is not necessary to drive to
zero the hospital￿ s option to wait in order to promote investment in the
￿rst period. The parameter ￿ in￿ uences both the expected marginal re-
turns of the investment Gk1(k1;e) and the marginal call option, Ok1(k1;e):
This means that its e⁄ect is countervailing since it incentivates delaying the
investment, but it also increases its expected marginal return in the ￿rst
period. The overall e⁄ect may lead to Vk1(k1;e) > V ￿=0
k1 (k1;e) and then
k￿
1 > k￿￿=0
1 . This leads to the second important result of proposition 2. For
any given ￿; a threshold ~ ￿ may exist such that:
Vk1(k1;e) ￿ V ￿=0
k1 (k1;e) for ￿ ￿ ~ ￿
Vk1(k1;e) < V ￿=0
k1 (k1;e) for ￿ > ~ ￿
If the option e⁄ect (i.e. ￿) is su¢ ciently high; the disequality may be re-
verted and we get k￿
1 < k￿￿=0
1 (Appendix C).
Figure 2 about here
5 Contractual rules and total quality
As argued, the purchaser wants to maximise total quality in order to make
the best treatment available for its patients. Although it cannot control
hospital care quality, it can pursue its goal by in￿ uencing both the hospital
investment in new technologies and the level of e⁄ort by the medical sta⁄
in the ￿rst period. This can be done by setting the parameters of the
purchasing rule. In particular the following proposition holds :
19Proposition 3 Within the long-term contract between the hospital and the
purchaser, the latter is able to rank the total quality at t = 1 as follows: 1)

















Proof. See Appendix D
The intuition for this result relies on the properties of the physician￿ s
best reply function DD. For example, in Figure 3, we can compare the total
quality at N with the one at N￿=￿. Let￿ s consider the "isoqual" QQ that
goes through N and depicts all the values of k1 and e compatible with a given
quality level. As k1 decreases, the physician increases e along the curve DD;
but if the marginal cost of the e⁄ort increases with e; this is not su¢ cient to
keep the quality constant. Therefore, to the right of N, the isoqual QQ lies
above the doctor￿ s reply function DD; while to the left of N, it lies below
DD. This implies that point N￿=￿, which represents the Nash solution for
￿ = ￿; lies on an isoqual lower than the one through N; with a reduction in
the total quality. Similar results apply for ￿ = 0 and ￿ = 0. These results
have important implications. In our model - as stated by the ￿rst part of
Proposition 3 - if ￿ is below a speci￿c threshold
￿
￿, total quality is higher
than when the purchasing rule is based only on past investment (￿ = 0).
This implies that, for ￿ su¢ ciently low but positive, the purchaser can
increase total quality in the ￿rst period without eliminating the hospital￿ s
option value of investing in the second period. This is possible because of
the existence of a substitution e⁄ect between capital and e⁄ort by devoted
physicians. If ￿ = 0, there should be no substitution between capital and
e⁄ort25.
Figure 3 about here
>From Proposition 3, we can also compare total quality at the Nash equilib-
rium where the doctor values the quality, with the solution where the doctor
does not.
25In Moretto and Levaggi (2004) the investment was higher when the option value to
invest in the second period was set to zero (i.e. ￿ was made equal to zero); in fact, the
purchasing rule is backward-looking (since the hospital receives more patients only if it
has invested in past periods) and the current level of investment i2 is never considered.
20Corollary 1 The total quality is higher when the doctor values quality, i.e.
q￿
1 > q1(^ k1;0)
If the doctor is not devoted, he sets e = 0 (i.e. his e⁄ort is only el) and
the hospital sets the investment at (^ k1;0), where the reply function intersects
the vertical axis. To compare the total quality at N with the one at (^ k1;0)
we consider the isoqual that goes through (^ k1;0), i.e. the curve ^ Q ^ Q in Figure
3. Since the marginal rate of transformation between k1 and e is decreasing,
the isoqual through point (^ k1;0) lies below the curve of the hospital￿ s reply
function HH. That is, the hospital may respond optimally to an increase in
the e⁄ort made by the physician by reducing the investment less than the
reduction required by the isoqual through point (^ k1;0). Therefore, point
N lies on an isoqual higher than the one through (^ k1;0). If the physician
is not devoted, the purchaser is not able to in￿ uence the trade-o⁄ between
e⁄ort and capital, hence it is indi⁄erent between a purchasing rule de￿ned
on quality or on the level of capital. Its purchasing rule can be written as:
x2(k1;k2) ￿ x + ￿k1 + ￿(k2 ￿ k1) with ￿;￿ ￿ 0 and ￿ ￿ ￿







1 as in Levaggi and Moretto (2004). In a context where
the physicians are not devoted, the purchaser faces an intertemporal trade-
o⁄ in deciding the level of investment, i.e. it might decide to delay hospital
investment in new technology for policy reasons or due to lack of funds,
but by doing so it faces the cost of verifying hospital care quality (i.e. it
can verify quality only ex-post). In this case the problem o⁄ers a simple
solution: setting ￿ = 0 in the purchasing rule allows maximisation of the
level of investment at t = 1 and rules out any veri￿ability problem. With
the presence of devoted doctors, on the other hand, a true trade-o⁄ ex-
ists between the level and veri￿ability of quality. The devoted worker adds
an important dimension to the purchaser￿ s set of choices. Besides the in-
tertemporal substitution between present and future investment, it becomes
possible to substitute capital with doctor￿ s e⁄ort to increase current total
quality. In this way, it is possible to obtain higher quality even with a lower
investment in new technology, but ￿ = 0 is no longer su¢ cient to rule out
the veri￿ability problem:
6 Conclusions
The model presented in this paper adds important new dimensions to the
debate on quality and technological investment in hospital care. By con-
21sidering the interaction between three actors (a purchaser, a hospital and a
representative physician), we explicitly model two fundamental determinants
of hospital care quality: the e⁄ort of the medical sta⁄and the investment in
technology which has the characteristic of being irreversible. The latter had
been introduced by Levaggi and Moretto (2004) while in this paper the ￿ de-
voted worker￿characteristics of the physicians - an aspect so far neglected
in the literature - is modelled explicitly. Their utility is made to depend
on the salary received and on the outcome of provided care; in this respect,
hospital doctors can be considered devoted workers. This assumption has
important consequences on the level of investment decided by the hospital
and then on the ￿nal quality of in-patient care. We show that in the game
developed between the hospital and its medical sta⁄the presence of devoted
physicians allows the hospital to reduce its investment while increasing the
level of quality of provided care. We show that a purchasing rule that cancels
out the option to defer the decision to invest (i.e. ￿ = 0; where the pur-
chaser reimburses the hospital only on the current level of quality) is not an
optimal strategy to increase the total level of quality of care through a faster
adoption of new technology by the hospital. From a policy perspective, this
result has an important implication: in the de￿nition of the long-term con-
tract between the purchaser and the hospital, there is a trade-o⁄ between
the level and the veri￿ability of quality. The purchaser could use the substi-
tutability between capital and doctors￿e⁄orts to increase quality, but this
reduces its ability to verify it. The assumption of devoted physicians also
adds new dimensions to the quality setting of hospital care. In this paper we
have in fact assumed that all the actors care about the same type of quality,
but this assumption might be relaxed. In particular, it could be considered
that the type of hospital care quality depends on the type of treatment. For
surgical treatments, for example, clinical quality is probably very important,
but for rehabilitation or for palliative care, relational quality might be con-
sidered more relevant. In the latter cases, the relatively higher importance
of relational quality might mitigate the e⁄ect of the devoted physicians on
the investment decision, hence on the optimal contractual rules. Another
important extension could be the explicit consideration within the model
of hospital competition on quality ruled by patients￿choices. This would
add another important actor (the patient) to the model and in this case the
hospital￿ s reputation would become an essential ingredient of quality.
22A Proof of Lemma 1
At t = 2; the hospital￿ s surplus is given by (12), i.e:
R2(k1;k2;e;￿) ￿ p[x + (￿ ￿ ￿)q1(k1;e) + ￿q2(k2;e;￿)]












￿ p￿gk2k2(k2;e;￿) < 0 (20)
If the hospital does not invest in the second period, i.e. k2 = k1; its surplus
(12) reduces to:
R2(k1;e;￿) ￿ p[x + (￿ ￿ ￿)q1(k1;e) + ￿q2(k1;e;￿)]
￿ p[x + (￿ ￿ ￿)g(k1;e) + ￿g(k1;e;￿)]






￿ p￿gk2￿(k2;e;￿) > 0 (21)
Since the value of the hospital at t = 1 is:















easy computation shows that (22) can be written as:




26Only if ￿ = 1 do we get q2 = q1 and
R




f￿[R2(k1;k2(￿);e;￿) ￿ rk2(￿)] + [R2(k1;e;￿) ￿ rk1]gd￿(￿):
where ￿ is the discount factor. Then, de￿ning:







f￿[R2(k1;k2(￿);e;￿) ￿ rk2(￿)] + [R2(k1;e;￿) ￿ rk1]gd￿(￿);
by direct substitution of (7) and (12), we obtain:
V (k1;e) = G(k1;e) ￿ ￿O(k1;e)
where:
G(k1;e) ￿ px + ￿
1 Z
0
p[x + (￿ ￿ ￿)q1(k1;e) + ￿q2(k1;e;￿)]d￿(￿)
￿ px + ￿
1 Z
0
p[x + (￿ ￿ ￿)g(k1;e) + ￿g(k1;e;￿)]d￿(￿)







f￿[p(x + (￿ ￿ ￿)q1(k1;e) + ￿q2(k2(￿);e;￿)) ￿ rk2(￿)]








f￿[p￿g(k2(￿);e;￿) ￿ rk2(￿)] + [p￿g(k1;e;￿) ￿ rk1]gd￿(￿)
This concludes the proof.
24B Proof of Proposition 1
The ￿rst part of the proposition is a straightforward application of the geo-
metric solution of the Nash equilibrium. For the second part, we need to
draw the hospital￿ s iso-pro￿t curve and the doctor￿ s iso-utility curve in the
(k1;e) plane. Let￿ s start with the doctor￿ s iso-utility curve. Totally di⁄er-













The numerator is simply given by (9) while the denominator is:
B1
k1(k1;e) ￿ vgk1(k1;e) > 0
Then the slope of the iso-utility curve is simply determined by (9). For
a ￿xed value of k1;(24) is decreasing up to e￿ and increasing for a higher
value of e: The same procedure determines the hospital￿ s iso-pro￿t curve.
By totally di⁄erentiating (15) we get








The numerator of (25) is simply (17) and the denumerator is given by:
Ve(k1;e) ￿ Ge(k1;e) ￿ ￿Oe(k1;e)
















25Since the above expression is always positive the slope of the iso-pro￿t curve
is, for a ￿xed value of e;decreasing up to k￿
1 and increasing for a higher value
of k1: This concludes the proof.
C Proof of Proposition 2
Since the purchasing rule a⁄ects only the hospital￿ s objective function, to
compare the Nash solutions varying the parameters of (4) we need to com-
pare the di⁄erent hospital best reaction functions. Firstly, if ￿ = ￿ the




k1 (k1;e) ￿ G
￿=￿











[p￿gk1(k1;e;￿) ￿ r]d￿(￿) ￿ 0
and ~ ￿ is given by (13). Since G
￿=￿
k1 (k1;e) < Gk1(k1;e) the hospital￿ s reaction
function shifts down and to the left as shown in Figure 2. Secondly, if ￿ = 0
and ￿ > 0; the purchasing rule becomes x2 = x + ￿(q2 ￿ q1); which makes
the surplus R2(k2;k1;e;￿) independent from q at q2 = q1: The necessary
condition for a maximum (17) becomes:
V
￿=0
k1 (k1;e) ￿ G
￿=0











[p￿gk1(k1;e;￿) ￿ r]d￿(￿) ￿ 0
and ~ ￿ is still given by (13). Since G
￿=0
k1 (k1;e) < G
￿=￿
k1 (k1;e) we have another
shift to the left of the hospital￿ s reply curve as in Figure 2. Finally, if ￿ = 0
26and ￿ > 0; the purchasing rule reduces to x2 = x+￿q1: For any given stock
of q1 inherited from period 1, the surplus at t = 2 is always constant, which
makes q2(￿) = q1 for all ￿: Then, condition (17) reduces to:
V ￿=0
k1 (k1;e) ￿ G￿=0
k1 (k1;e) = r (28)
where:
G￿=0
k1 (k1;e) ￿ ￿p￿gk1(k1;e)
O￿=0
k1 (k1;e) ￿ 0
To compare (28) with (17), we can ￿rst rewrite Gk1(k1;e) in the following
form:













Vk1(k1;e) ￿ V ￿=0
k1 (k1;e) + G
￿=0









k1 (k1;e) > 0 , k￿=0
1 cannot be greater than k1:Furthermore,
if we specify (29) for the case in which ￿ = ￿ it is easy to show that:
V
￿=￿
k1 (k1;e) ￿ V ￿=0





k1 (k1;e) > 0 we get V
￿=￿
k1 (k1;e) ￿ V ￿=0
k1 (k1;e) > 0 and the
￿rst part of the proposition follows. Let￿ s now consider the second part





k1 (k1;e) ￿ G
￿=0
k1 (k1;e) ￿ ￿Ok1(k1;e) < 0; which in turn
27implies k
￿=0
1 = 0: After some simple algebraical manipulations we obtain:
G
￿=0

































p￿[gk1(k1;e;￿) ￿ gk1(k1;e)]d￿(￿) + p￿[gk1(k1;e; ~ ￿) ￿ gk1(k1;e)](1 ￿ ￿(~ ￿)]
If ~ ￿ < 1, the ￿rst and second terms of (31) are both negative which yields
G
￿=0
k1 (k1;e) ￿ ￿Ok1(k1;e) < 0: On the contrary if ~ ￿ > 1 the second term is
positive while the sign of the ￿rst term is ambiguous, and becomes positive







a trigger value ~ ￿ may exist such that:
Vk1(k1;e) < V ￿=0
k1 (k1;e) for ￿ > ~ ￿
Vk1(k1;e) ￿ V ￿=0
k1 (k1;e) for ￿ ￿ ~ ￿
This concludes the proof.
28D Proof of Proposition 3
To prove the proposition it is su¢ cient to show that the isoquals that pass
through the Nash equilibrium can be ranked.
Lemma 2 The isoqual that passes through a Nash equilibrium, say N; lies
above the hospital￿ s reply function HH and below DD to the left of N and
below HH and above DD to the right.
Proof. To do this we compare the slope of the isoqual with the slope of
the hospital￿ s reply function and the slope of the doctor￿ s reply function
respectively. Let￿ s ￿rst recall the MRT between k and e and the slope of the















By (32) and (33), the slope of the isoqual is greater than the slope of the



























Thirdly, the condition that guarantees the stability of the Nash equilibrium
















which is equivalent to (36) if m00 = 0: Therefore, if (37) holds for m00 < 0;











is also the inverse of the doctor￿ s best reply function.
Let￿ s consider the isoqual that passes through N. As HH shifts down
(i.e. k1 decreases) the doctor increases e along the curve DD and a new
equilibrium N0 is reached. By Lemma 2, however, N0 lies on an isoqual
lower than the one through N; with a reduction in the total quality. On the
contrary if HH shifts up (i.e. k1 increases) the doctor decreases e along the
curve DD and by Lemma 2, the new Nash solution N00 lies on an isoqual
higher than the one through N; with an increase in the total quality. This
concludes the proof.
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